A fundamental interest in circuit analysis is to parse out the synaptic inputs underlying a 13 behavioral experience. Toward this aim, we have devised an unbiased strategy that specifically 14 labels the afferent inputs that are activated by a defined stimulus in an activity-dependent 15 manner. We validated this strategy in four brain areas receiving known sensory inputs. This 16 strategy, as demonstrated here, accurately identifies these inputs.
Introduction

18
Most of the brain regions receive a large number of neuronal inputs; this poses a challenge to circuit 19 analysis since only a fraction of these inputs conveys information for a defined behavior. Identifying 20 these inputs is crucial to gaining an insight into the neural circuits that underlie the behavior. Currently, 21 there is no direct way of achieving this goal. A common strategy is to use retrograde tracing viruses 22 which are designed to identify all the inputs to the region of interest [1] [2] [3] . To identify the specific inputs, 23 the researcher must then rely on a combination of trial and error, an educated guess, and previous 24 2 findings. A more efficient way would be to label only the inputs that are activated by the stimuli. Recent 25 developments in the use of immediate early gene promoters offer such an opportunity 4, 5 . The underlying 26 mechanism is simple: a gene of interest is expressed under the control of an activity-dependent 27 promoter such as Arc or c-fos. The neurons that are activated by the behavioral experience will express 28 the gene of interest such as a fluorescent marker. This approach, as currently used, however, does not 29 reveal the active inputs.
30
Here, we introduce a novel approach, Tracing Retrogradely the Activated Cell Ensemble (TRACE), which 31 selectively labels the afferent inputs that are activated by a defined stimulus and project to the region of 32 interest. It combines activity-dependent labeling with virus-mediated retrograde tracing. This approach 33 is unbiased, as it does not rely on pre-existing knowledge of candidate regions and offers high temporal
34
(minutes) and spatial (cellular scale) resolution.
35
Results
36
TRACE is based on two recently developed methods: 1) labeling of active neurons wherein neurons 37 express the tamoxifen-inducible CreER-recombinase under the control of an activity-dependent 38 promoter such as Arc or c-fos 4, 6, 7 , and 2) labeling with a retrograde virus, such as retroAAV, that 39 expresses a marker gene in a recombination-dependent manner 3 . In this work, we chose retroAAV as it 40 is one of the most efficient retrograde viruses available showing little toxicity. Importantly, TRACE can 41 be adapted to any DNA-based retrograde virus. TRACE works as following: first, a retroAAV carrying a 42 Cre-dependent marker is injected into a target brain area. Then, the virus is taken up by post-synaptic 43 neurons in the target region as well as by the axons of the projecting neurons, but the neurons 44 expressing the virus remain unlabeled in the absence of tamoxifen and neuronal activity. As the animals 45 are exposed to a behavioral experience, only the projecting neurons activated in the short time period 46 of the behavior express Cre-ER. We then inject 4-hydroxytamoxifen (4-OHT) to induce CreER 47 recombinase translocation into the nucleus and recombination of the marker genes. This results in a 48 permanent expression of the marker genes in active neurons projecting to the target area ( Fig. 1a ). To 49 demonstrate the input specificity of this method, we used this approach in four different behaviorally-50 relevant neuronal circuits.
51
TRACE labeling of afferent cortical inputs to lateral amygdala after high frequency stimulation (HFS) 52 3 First, we chose to apply our method to label afferent inputs from the temporal association area and 53 ectorhinal cortex (TeA/Ect) to the lateral amygdala (LA), since this is a well-characterized pathway with 54 clear-cut behavioral significance 8 . We injected an AAV expressing a variant of the light-activated channel 55 ChR2, oChIEF, into the TeA/Ect and a retroAAV virus expressing eGFP in a Cre-dependent manner in the 56 LA of ArcCreER mice. A fiber optic was placed above the LA to deliver optical stimulation ( Fig. 1b and 57 Supplementary Fig. 1a ). Three to four weeks after the viral injection, multisensory inputs to the LA were 58 stimulated with high-frequency light pulses, followed by injection of 4-OHT. We observed significantly 59 more eGFP-tagged neurons in the post-synaptic neurons in the LA ( Fig. 1c ) and, more importantly, in 60 presynaptic neurons in the TeA/Ect of the mice receiving optical activation compared to non-stimulated 61 mice ( Fig. 1d ). of the fluorescently-tagged neurons. Labelling in the LA is significantly higher in the optically-activated animals 77 (unstimulated group n = 8, mean ± SEM, HFS group n = 9; p-value = 0.0474(unpaired t-test); scale bar: 100um). d,
78
Representative images of the TeA/Ect, outlined with the white line, in mice receiving HFS or no stimulation. Green Next, we explored whether TRACE could identify the inputs for an aversive foot-shock. We chose this 86 particular stimulus, since it has been widely used in studies on associative learning and valence 87 experiences 9 . For this, we focused on the pathway from the medial prefrontal cortex (mPFC) to the 88 lateral habenula (LHb) and to the nucleus accumbens (Nacc), since these inputs are known to convey an 89 aversive signal for a foot-shock to these targeted areas 9, 10 . We injected retroAAV viruses expressing two 90 different fluorescent markers in a Cre-dependent manner in the LHb (retroAAV-Dio-eGFP) and in the 91 Nacc (retroAAV-Dio-mCherry) of cfosCreER mice ( Fig. 2a and Supplementary Fig. 1b ). Two weeks after 92 the virus injection, mice were divided into two groups. The test group received a series of foot-shocks . e, Magnified images of the CoA in mice exposed to PBS or TMT. As shown in the 112 right graph, activity-dependent eGFP expression is significantly higher in TMT-exposed mice (PBS exposed n = 5, 113 TMT exposed n = 6; p-value = 0.0043 (Mann-Whitney test); scale bars: 100 um). f, Magnified images of the anterior 114 olfactory nucleus (AON) in mice exposed to PBS or TMT. TRACE-mediated labeling in the CoA-projecting neurons 115 in the AON of animals exposed to TMT is significantly higher (PBS group n = 5, TMT group n = 6; p-value= 0.0043
116
(Mann-Whitney test)).
6 control group received 4-OHT in their home cages. Animals receiving foot-shocks had significantly 118 higher fluorescent marker expression in the mPFC compared to the control group (Fig. 2b,c Finally, we chose to characterize inputs onto the cortical amygdala (CoA) driven by an innate odor-122 stimulus, which is likely to recruit long-range projections from the olfactory nuclei 11 . As a stimulus, we 123 used 2,3,5-trimethyl-3-thiazoline (TMT), a volatile component found in fox secretions, that is known to 124 activate the inputs from the olfactory cortex to the CoA 12 . The odor-driven activation of these inputs to 125 the CoA induces an innate avoidance behavior ( Fig. 2d and Supplementary Fig. 2 ). We injected retroAAV 126 expressing Cre-dependent eGFP in the CoA ( Fig. 2d and Supplementary Fig. 1c ). Three weeks after the 127 virus injection, mice were divided into two groups. The test group were exposed to TMT, and 128 subsequently they received a dose of 4-OHT. The control group received the same treatment as the test, 129 except that TMT was replaced with phosphate buffer saline (PBS). In the test group, we observed 130 significantly more eGFP expressing cells in the anterior olfactory nucleus (AON) than in the control 131 group (Fig. 2e,f) . This is consistent with previous reports showing a TMT-induced activation of the 132 AON 13 . To examine the input specificity of TRACE, we quantified eGFP-labelled cells in selected regions,
133
which send pronounced projections to the CoA, as characterized by our activity-independent retroAAV 134 labelling. However, we did not observe a difference between the control and the test groups 135 ( Supplementary Fig. 3 ). This indicated that labelling is specific to the activated regions and merely 136 projecting to a target region is not sufficient for eGFP labelling. manipulations. Since TRACE is a non-transsynaptic tracer, it is well suited for identifying 145 neuromodulatory inputs which convey their signals through volume transmission rather than direct 146 synaptic connections 14 . A potential concern in using a non-transsynaptic tracer as TRACE could be 147 represented by the infection of axons passing through the injection site. However, there has not been 148 such report for retroAAV.
149
In using TRACE, the same considerations must be taken as those for activity-dependent promoters and 150 virus-mediated labelling. Viral tropism has been a recurring concern in investigating circuit mapping were allowed to recover for 2 weeks before behavioral tasks. The animals were checked daily after 261 surgery.
262
All the viral injection sites and the optic fiber implants were confirmed histologically and the animals 263 were excluded when the injection sites or the optic fiber implantation were misplaced. 
283
20ul of the solution was dropped onto a filter paper fixed in the middle of the dark chamber. The TMT 284 had previously been diluted 1:1 with PBS to lower the strength. The test group was exposed to PBS in 285 the dark chamber in the morning and to TMT in the afternoon. The control group was exposed to PBS 286 during both test sessions. The mice were positioned in front of the entrance of the dark chamber for the 287 testing sessions. IP injection of 4-OHT (10 mg/kg) was performed 2 hours after TMT exposure. The
288
behavior was recorded and analyzed manually with a video tracking system (ANY-maze).
289
Shock-activated circuit. cfosCreER mice were habituated to the context with 5 daily sessions of 290 habituation. Habituation was performed by aliplowing the mice to explore the testing chamber for 10 291 minutes every day. The mice were further habituated to i.p injections for 10 mins every day. One day 292 before the testing day, the mice were moved to dark animal housing, where they were kept until 72 293 hours after the testing. On the testing day, the mice in the test group were placed in an ANY-maze 294 controlled Fear Conditioning System (Ugo Basile). They were given 20 random shocks (0.5 mA, 2 295 seconds long) distributed in 10 minutes of testing. The i.p. injection of 4-OHT (10 mg/kg) was performed 296 2 hours after testing. The control group remained in the home cage but was also habituated to i.p.
297
injections and was injected with 4OHT on the testing day.
298
Perfusion and Immunohistochemistry. The animals were anaesthetized with FMM and euthanized 299 by transcardial perfusion with 50 ml of PBS (with 50 mg/ml heparin), followed by perfusion with freshly 300 prepared 4% Paraformaldehyde (PFA). The brains were extracted from the skull and stored in PFA for 301 two days at +4 ºC. Brains were sliced into 80um thick slices in PBS on a Leica vibratome.
13
To enhance the fluorescent signals, an immunohistochemical staining was performed for the eGFP 303 labeling in the odor driven innate fear and shock activated experiments. Antibodies used were an eGFP 304 rabbit (Invitrogen (CAB4211)) primary antibody with 1:1000 dilution and 72-hour incubation. Alexa 305 fluor 488 goat anti-rabbit (Invitrogen (A-11008)) was used as the secondary antibody with 1:1000 306 dilution with 24-hour incubation. Nuclear staining was done using 1:1000 dilution of DAPI for 30 307 minutes. Brain slices were mounted on glass slides with coverslips using Fluoromount G (Southern 308 Biotech).
309
Imaging and cell count. Imaging of the brain slices following the optogenetic stimulation of LA was 310 done using the ZEN software (ZEISS) and a ZEISS Apotome microscope preparing tile images of the 311 whole brain slice. All imaging for the odor driven innate fear and shock-activated tracing experiments 312 was performed using the ZEN software and a ZEISS confocal microscope. The images were taken as z-313 stack images (z-step size = 2 um) in the respective areas using a x20 objective at the resolution of 1024 314 pixels X 1024 pixels. Green fluorescence was excited at 488 nm and detected with a bandpass filter of 315 509-605 nm, while the blue fluorescence was stimulated at 405 nm and detected through a 426-488 nm 316 bandpass filter. In order to avoid photoconversion of mCherry fluorescence, the imaging of the blue 317 channel was always performed after imaging of the red and green channels 4,20 . Cell counting for the 318 optogenetic activation experiment was performed blindly and manually in ImageJ. Cell counting for odor 319 driven innate fear and shock-activated circuit experiments were performed blindly and semi-manually 320 using the cell count function in Imaris (Bitplane).
